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Theresultsof’a coolinginvestigationconductedon an
18-cylinder,radial,air-cooleder@ineinstalledona dynamometer
teststandwereanalyzedtodetermin~theeffectof exhaustpressure
cm theengine-cooli~characteristics.Thetestscovereda wtde
rangeof engineoperatingconditionsincludingexhaustpressures
from7 to 65 inchesofmercuryab’solute. .

Theeffectofexhaust~rossureon enginecoolinGwasincorporat~d
intheNACAengine-coolingcorrelationmethodasa variationinEnig-fne‘“
meaneffectivegastenperatarewithexhaustpressure.Theeffect~f
exhaustgressuraon averagecylinder-headtemperaturecanbe prcdiotod““
fromthecorrelationwithjnabout6°F forexhaustpressuresrangi~
~romapptiximately1!3to 50 inchesofmercuryabsolute,

Calculationsbasedon thet~strueultsindicatethmtforopera-
tionat co’nstant~wer, equalto thee~ine normal~ted power,-tit
a fuel-airratio01’0.085theheadtemp~ratureincreases39QF when
theexhaustpressureis increasedfrom10‘to50 inchesof mercury
absolute.Foroperationat constantinlet-manifoldpressure,however,
theeffectofmeaneffectivegastemperatureisforthemostpart
counteractedby theeffectofreducedpowerobtainedwithinctieas=
inexhaustpressure;forexample,fora constantinkt-maniftildyres-
sureof 3(3fnch~sof~rc~y abs~lut~at a fuel-afiratioof 0.085
thehead-temperatureIncreaseisonly7°F foran increaseinexhaust
yrassure

The
thelean
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from10to50 inchesofmercuryabsolute. .

effectof exhaustpressureon enginecoolingisgreaterat
thantherichmix%ures.

INTRODUCTION
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SUMMARY ‘
Theresultsof a coolingInvestigationconductedon an

18-cylinder,radial,air-cooledengineSnstalledona dynamometer
Wst stemiwereanalyzedtodetermin~theeffectof6xhaus&pressure
on theengine-coolingcharacteristics.Thetests.covereda wide
rangeoi’engineoperatingconditionsincludingexhaustpressures
from7 to 65 inchesofmercuryabsolute.

Theeffectof exhaust TIreEImmeonenginecoolingwqsincor~ratmi
intheNACAengine-cooli~correlationmethodasa variatioi:ine@ne
meaneffectivegastemperaturewith&xhaustpressure.Thetiffectof
exhaustpressureon averagecylinder-headtemperaturecanbe””prcdicfed
fromthecorrelati~nwithinabout”6°F forexhaust-pressures?%n@ig
fromapproxhate~10to 50 inchesofmercuryabsollrk. .- —

Calculationsbasedon thetestrusultsindicatethwtforopera-
tionat constantpower,equalto theenginenormalratedpbworj“at
a fuel-airratioof 0.085theheadtemperatureincreases390F when
theexhanstpressureis increasedf~vm10 to 50 inchesof mercury--
absolute.ForOperattonat constantirilet-tiifoldPIwss~j howev~r>
theeffectofmeaneffectivegastempGrat~eisforthemostpart
counteractedby theeffectofreducedpowerobtainedwithincrease
inexhaustpressure;forexample,fora constantInlet-manif,oldpres-
sureof 30 inchesofmercuryabsoluteata fuel-airratioof 0.085
thehead-temperatureincreaseisonly7°F foran increaseinexhaust
ywssuze

The
thelean

The

fro~10to 50 inchesofme~uryabsolute.

effectof exhaustpressureonenginecoolingisgreaterat
thantherichmixtures. .—

INTRODUCTION

effectof exhaustpressureon theperformanceandcooling
characteristicsof aircraftenginesisof importancebecauseof the.—..-
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widespreadinterest
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generalairplaneoperationandthecurrent
en#ne4mrbinecombinations.Littleinft%mna-

tionisa~ilableconcerning theexhaust-pres~urevariable,partic-
ularlyregardingitsrelationtoenginecooling.

Theeffect-ofefiaustpressureon enginecoolingwasroco@zed
byPinkeltn1938andincludedasa possiblefactorinthecooling-
correlationmethoddevelopedinreference1 butno testdatawere
presented.Theresultsofthelimitedinvestigationofreference2
indicatedthattheeffectofexhaustpressureon enginecoolingis
small;however,becausesolittledatawereobtainedinthesstests,
the.resultsereinconclusive.Althoughnumerousengine-cooling
investigationshavebeenconductedsubsequenttotheroportsdresults
ofreferences1 and2,thetestshavebeenat or near sea-level
exhaustpressuresandpermittedno systematicstudyofthoexhaust-
pressurevariableasaffectingenginecooling. #

An investigationwasconductedatthaNA!2AClevelandlaboratory
todeterminetheeffect.ofetiaustpressut%ontheperfmm.anteoran
18-cylinder,radial,air-cooledengineinstalledona dynammmter
test stand.Dataforrelatingtheengtne-coolingcharacteristics

—

withtheexhaust-pressurevariablewerealeoobtained.Theresultw
.aftheanalysesoftheengine-perfcrmance”data obtainedinthese
testsarepresentedinreference.3. The”coolingdataobtainedare
analyzedhereinbytheNA(3Amgi~e-coolin$correlationmethodto
showtheeff6ctof exhaustpressureonen~inecooling.

..=

Thetestconditionsrangedasfollows:tnlet+nanifoldpressure,
30to45 inchesofmercuryabsolute;enginespeed,1200to 2400rpm;
fu61.-airratio,0.069to 0.120;exhaustpressure,7 to 65 inchesof
mercuryabsolute.Low-bloweroperationwasusedin mostofthe
runs,buta’fewrunsweremadeinhigh-blti’eraperation.

IIHMILLATIONAi’tOINSTRVMEWIATION

Equipment .

Theinvestigationwasconductedon enR-2800-5,seriesA, rnulti-
cylinderengineequippedwitha two-speedsingle-sl%geenginesuper-
charger,whichhasan impellerdiameterof 11inchesanda gearratio ..-
of 7.6:1in low-blowcn?operationand9,45:1inhigh-blower~pe~ati~. .

An injection-typecarburetor,slightlymodifiedtopermitdirect
controloftheenginefuelflow,wasusedin theruns, Thevalvs,,
overlapfortheengineis40°,theboreandstroke~ inchesby
6 inches,theccxqy?essionratio6.65,andthesparksetting2$#’B.9?.C. .
TheengineiEratedaefOl10W6:

.
.. d
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Take-off. . . . . . . . . . . . . . . . . . .1850bhpat 2600rpn
Max~mumcontinuousoperation:
Lowblower. . . . . ... . . . . . . . . . 1500bhpat 2400rpm
Hi@blower . . . . . . . . . . . . . .c,~~~obhpat24~()~

ThecompleteinGtalletionIsadequatelydescribedinreference3;
forconvenience,howver,a detailed&escri@ionofthepaz%softhe
Installationthatarecloeelymsoclatedwiththecontrolandmeasure-
mentofthebaalcocgine-coolingvariablesispresented.A photograph
andsketchoftheinstallationispre~mtedinfigures1 and2 ahowing
theengfnerigid?.ymmnt.edforcomectlonthroughan efiens~onshaft
to a 2000..llorsepcwereddy-currentdynzaometer,thecooling-alr-b.ax
andenginecowling,andtkeelb”owsection6ftheexh&ust-gyisducting.

Coolingairfromthelaboratorysupplysystemwasdeliveredto
* thetopoftkecooling-afrboxfrcmw:lereitflowedthrou@a stream-

linednozzlesectionto thefrontfaceoftheengine.Theairbox
. functionedas a larg3airreservoirfor yovidinga uniformc~olfng-

airdistributionoverth~faceoftheengjne.Thoenginewascowled
wttha cylindricalductaa drownintigure1. ‘lZecoolingairafter
flowingacrosstheenginedischargedd+_”ectlyintotheroan.

Theetiust-gascollecto&ring>whichwasthetypeusedinthe
turboavperchargerInstallationsontheP-47airplane,consistsof
twohalfsections,oneforeachsideof theengine.Thetwosectioni
werejoinedat thebottomby a Y-shapedductthatwasdirectlycon-
noctedtothelaboratoryaltitude-ex-~austsystau.Theexhaustpres-
surewasmeasuredby e ste,tfcwalltaplocatedatthecrosssection
wheretheY-shapedductwasboltedto thee=aust-ductelbow.

Thecarburetor-airduct(figs.1 and2),whicheuppliedcharge
airtotheengine>incorporateda longstraightconstant-~easection
of pipingso installeddirectlyupstreamof thecarburetorthat“~b-
stantiallyuniformflowconditionsprevailedatthecarburetortoy
deck. TheenginethrottlewaHkeptwideopenand-thechargs-alrflow
wasregulatedby a butterflyvalvelocatedneartheduct&tit.rkc”e.-”
Charge-air-fhxirneaslti’ementsweremadewitha thin-plateorifice
designedandinstalledIntheductsysteminaccordancewithA.S.M.E.
specifications.Thefuelflowwasaeasuredwitha calibrated
rotameter.

.-

TenrperatureMeasurements

gylindertemperaturesweremeasuredwithiron-constantanthermo-
couplesat thefollowinglocationson eachcylinder:rearsp=k-plug
gasket,rearoenterofbarrel,andembeddeddeeplyinre=””s“?ark-plug

. .
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boss. Thegasketthetiooouplesweremadeby
thermocouplewires into--asmallholedrilled
outeredgeofthecopperspark-pluggasket.

NACATN ?’$0.1222.

stlver-solderingthe
intothetabtothe
Thebarrelthermocouples

wereFeenedintothealuminumb–m~l~muffsat thereexbetweenth~
twomiddlebarrelfins. As sketchedInfigure3, thebossthermo-
coupleswere+bsertedinbrassplugsandembedded30percentof the
cylinder-wallthicknessata point45/64-inchfromthespark-plug
axisand45°fromthebottumofthespwk-plugbosstowardthe
exhau8tport.

Threethermocoupleswerelocatedintk.ecooling-airstream
directlyinfrontoftheengine120°,apart;sixthermocouplescon-
nectodinparallelwerelocatedinthecharge-airstreamatthecar-
buretortopdeck. Alltemperatwe~werereadon a self-balancing
potentiometer.

Cooling-AtrPreesureMeasurements

Becauseoftheunusuallyuniformcooling-airpressuregattens
existingaheadofandbehindtheengine,a relativelysmallnumberof
tubeswereusedtomeasurethe cooling-airpressuredrop.The
cooling-airtotalpressurewasmeasuredeheadof theenginewithsix
shroudedtotal-headtubes,twotubesmountedon eachof’threeraks
installeddirectlyinfrontof theengine120°apart.Theouter
tubesofeachrakeworeat thesameradialdistanceasthemidcilecir-

cumferentialheadfin;theinnertubesworoat theeaa radialdis-
tanceasthemiddlebarrelfin.

Thecooling-airstaticpressurebehindthecylinderheadswas
measuredw3.thopen-endtubesplacedinthebefflecurlof’thenine
~ear-rowcylindersat thesameradiusasthetotal-headtubes.These
stat’%ctubeswereinstalledinm.zcha positionthattheyreceived
littleifanyvelocitypressure.Thestaticpressurebehindthe
barrelswasmeasuredby threeclosed-endstatictubes,one on each
ofthreerakesbehindthreerear-rowcylinderbarrels120°apartat
thesameradialdistanceasthebarreltotal-headtubes.

PROCEZURE

Twogeneral~oups ofrunsweremade: (1)runsinwhichthe
coolingcharacteristicsoftheenginewereestablishedforthosea-
levelexhaust-pressurecondition,end(2)runsinwhichthecooling
characteristicsoftheenginewereobtainedwit3ivariableexhauet
pressure.

. .
i
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Thesea-levelexhaustpressuredatawereusedto determinethe
separateeffectsofcharge-airfl.owjfuel-airratio,andcooling-air
pres’sumiLropixnenginecooling.Theeffectof efiaustpreseurewaB -
determinedfromthedataobted.nedina comprehensiveseriesofteste
conductedatvariableexhaustpressuresfora widerangeof inlet-
manifolcipreesures,enginespeedB,andfuel-airratios.A complete
listoftheoperatingconditionsisgivenint-ableI.

Theprocedureinthesecond.groupofrunswastomaintaininlet-
manifoldpressure,enginespeed,andfuel-atrratioat definite
specifiedvalueswhiletheexhau~~prassurewasvariedinincre?nents
fromapproximately7 inches of,mercuryabsoluteto20 inchesofmer-
curyabovetheinlet-mcnj$oLdpreseure.Sufficienttimewasalluwed
at eachvalueof exhaust~eaaureforthecylindertemperatureto
stabilize.Forcashseriesofruneatvariableexhaustpressure,the
cooling-air~resmredropwasad@ted to a value‘thatkeptthemax-
imumrear-spe~k-plu.g-gaskettcmp~raturoat a valuebetween379 and
4250F whentheey~ustprc6surewasa~raximately28 inchesofmer-
curyabsolnte;theccoli~-airpressuredropwasthenheldconstant
duringtheserieswhilotheexhaustpressurewasvuied.

CORRELATIONME!EIOD

the
and

Oneformoftheequationd?vebpedinreference1 forrelating
wallteaperatureeof air-cooledengineswiththeengineoperating
cooling-aircondition%t%

where

Ta

’43
Wc

CT

AP

K,m,n

Th - Ta—. =
‘g-~

cylinder-headtemperature,‘F

cooling-airtemperatureahead

Wcn
K—
(CTAy)m

--

-(1)

of engine,‘%

meaneffectivegastemperature,%

enginech~-ge-airflow,poundsperseoond

den~ityof coolingairaheadof enginerelativeto stend~
fiea-leveldensityof0.0765poundPC%cubicftit“ .;

cooling-airpressuredropacrossengine,inchesofwater
—.

constantsderivedfrompropercoolingdata “

AdditionalsymbolsaredeftiedinappendixA.

—— -- . . .. .... . — ----
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Theequationforcorrelatingthecylfnder-barreltemperatureTb
is eimflartoequation(1)~ortheoylinderheads.Theprocedure
involvedinusing equation(1)tci..cmzrel.atetheengine-coolingdata
iaexplainedinreferences4-and..3andbrieflyreviewedinappendixB,

Theprimaryengine ‘operatingcond.itions“(en@ne speed,inlet-
manifoldpressureandtemperature,fuel-airratio,exhaustpressure,
andsparkadvance) arenotspecificallyindicatedinequation(1).
Theeffcotsof enginespeed-.andinlet-manifoldpressureon engine
coolingareaccountedforinqaation(1) thoughtheirinf’luencoon
w~; theeffectsoffuel-airratio,inlet-mmi.foldtomporature$and
sparkadvanceare~nohdwi@lnarilythroughtheirinfluenceon TE.
Theeffectof exhaustpressuroonenginecoolingmaybe includedin
equation(1)throughits-effect.onboth WC.ant!T%) as isdoscrlbed
inthefollowkgparagraph.

TWOdistinctfaotolxr=fectingenginecooltngareinvolvedwhen
theexhaustpreswreisvaried.Thefirstfactor is associatedwith
thechangeof enginecharge-airflowandits@fectoncaolingis
directlyincludedinthecorrelationthroughtheuseof Wc inequa-
tion(1), Thesecondfaotcrisassociatedwiththechangeinexhaust-
gasresiduals,whichaffects-boththetemperatureandcompositionof
thecylind=charge;itsefTectis includedIntheoorrelatlonasa
variationof T . Theoretically,theeffectofresidualson Tg 1~
a functionoft~eratioofthe-.axhaustpressureto theinlet-manifold
pressure.ratherthanofexhaustotiE@zW%ldpressureseparately.In
pastcorrelationsforcoolin~dataobtiainedat eea-levelexhaust-
pressur~conditions}theeffect.ofmanifoldpressurewassepsratod
howeverandin~ludedwiththeeffectofcharge-airflowinequa-
tion(l\. !EMs procedurewasWptod prbiily intheinterestof
simplicity.Inordertobe consistentwithpreviouscoolingcorre-
lations,thissamesimplificationwillbe adheredto inthisanalYsls.
Theeffeotofexhauf3t--preseureon

‘% isthereforetraatedasan
isolatedeffectindependentof,inlet.manifoldpressure,Thescatter
of the-dataindi.cateetheaccuracyofthesimplification.

Detailsofthe”procodure.fur.~a.lysisofthe data.amasfollows:

Cylindertemperaturesandcooling-airt~peratu.reandprmuwrea.-
Thevalueof’oylinder-headtemperatureT

k
incooling-correlation

equation(1)ist-en astheaverageof’t e t~peratwe indications&
thethermocouplesdeeplyembeddedintherearspark--plug%o~ses;the
cylinder-barreltemperatureTb istakenas theaveregeofthetemper-
atureindicationsofthethcvnocouplespeqed in therearmiddleo~-
thebarrels.The”average-ofthereadingsofthetmee thcumoccmples
“[nthecooling-airstreamistakm asthecooling-ajrtemporaturcahead
of theen8ino.

1

.

r
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Thecooling-alrp~-eesu~etiop uAp acrossthecylinderhea~s
istakenas thed~”ferencebetw~eutheaverva6”totalpreseureahead
of and-”theaveraqestaticpress-arebehtndthecyliiuierheadscorrected
to e=a-le~elikz?sitycondttiGm.Thecooling-airpressuredropacross
thecylin.derborrelsIsobtatnedinthesanemannerusingthepres-
suresaheadofandbehind%habarrels.

~mla.tion of sei=-lewle.xhaust-~~essuecoolingdata.- The———
coollngdataobte.inedinthesea-levelec&auet-pressureriisare
reducadto determinethevariattonof TG:80(meaneffectivegas
temperatureco~eat~dto 80°F dryinlet-manifoldtemperature)“with
fuel-airratioandtheconstantK ~.dexponentsn and m inthe
heatand‘og.rrelcorrelationequations.Themethodusedinth~s
cooling-datacorrela~ionisexplainetiinreferences4 and5 and
brieflyoutlinedinapyendixB.

Determinationof’exlhau~t-premurseftecton
.>

- Inamuchas
inaq~~~a~ exhaust-pre~suz-ecer~oaofrun~theinlet-.mnnlfold
pressure,fuel-airEatio$e~ine speed,andcooling-airpres~-ime”drop
i=rekeptcormtan.-t:tkenaasuredvariationin enginecoolingrepre-
sentsthenetremz~toftwoFr+hcip&lfactors:(1)theckang6in
charge-airflowwithexhaustpresw~e;and(2)thechangeinmean
effectivegas temperaturewithaxhaustyessure, Thetifectof the
changeincharge-airflowon enginecoolingiscalculatedfrcznthe
basiccorrelationeqmtionestetliskedinappendixB forthecylinder
headsandbarrelsfrcmthesea-levelexhaust-pressuredata, The
changeh 6nginecoolingcausedty theohemgeinmeaneffecti~e*S
temperatureduringeachseriesofrunsisthusisolated,whichpermft~”
rea~ycalculationofthemeaneffectivegastemperaturevariationwith
etiaustpres5ure.Indetail>theforegoingprocedureiareducdto
thefollowingsimplesteps:

Th - Ta

/

Tb-- Ta
I

(1)Theheadandbaxzrelvaluesof ~ - ~~ Wcn and.— Wcn
f3 ‘8 - T~

arecalculatedforthesea-levelefiauet-yressurerunineachseries.
The Tg valuesapplicableinthesecalculationswereobtainedthrough
theuseofth~ ‘8,80 relationwithfuel-airratioas establishedfor” -
sea-levelexhaustpressure.Theconversionbg_tweenTg and Tg,80
isdescribeiitnappendixB.

Th - Ta

/

Tb - Ta
(2)Inasmuchastkevaluesof ~ - T= Wcn and —

/
Iicn

f
‘e - Tb

areconstantineachseriesat variabe exhaugtpressure(becauseof
constantCJAp),solutionfor Tg andthus Tg QO ismadefrc.mthese
constantcalculatedvaluesandthemeasuredtestvaluesineachrun
ofthetestseriesof ~, *bj Ta~ and Wc.

e
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(3)Tworefinements areinoludedinthecalculationspreviously
outlined.Thefirstrefinementisa slightcorrectionforthesmall
unavoidablevariationsincooling-airpresemedropobtafnedineach
runserlee.A secondsmallcorrectionwasmadebecausethesea-level
efiaust-pressurerunineachserieswasactuallymadeatan efiau8t-
pressurevaluerangingfrcm29to32 inchesWmezmury absolute.

Chmge-alrflow,- Themethodforestimatingthecharge-airflow
correspondingtotheothorengineoperatingconditions(brakohorse-
power,speed,fuel-airratio,andexhaust-andinlet-manifold
pressures),asrequiredpriortoapplicationofthecoolin~-correlation
results,ispresentedin appendixC. Theapplicabilityofthismethod
ischeckedindetailinreference3 frcma considerationofallthe
performancedakaobtainedintheruns. Reference3 showsthat,excep%
forengineoperationata lowexhaustpressureof 10 incheeafmercury
absoluteforenginespeedsof 1200and1400rp, est3m.atiomaF charge- r
airflowwithtn*2.5percentcanbomadeby thismethod.

Thovariationofbrakehorsepowerwithexhaust pressureforcon- .
stantinlet-manifoldpreseuroandotherccnstantengineoperating

,

conditions,whiohisof importanceforusewiththeeforomenkmed
methodindetezzniningthevariationincharge-airflowwithexhaust
pressure, is dlsoussedinappendixC.

RmmrG ANDImKmEmM

Theresultsoftheinvestigationindicatethattheeffectof
exhaustpressureonenginecooling“is fmportentenoughtorequire
considerationinengine-coolingcorrelationsandpxwdicticns.The
detailsof theresultsarepresented,

Correlationequation.- Thecoolingcharacteristicsofthecyl-
inderheadsandbarrels,as determinedfromthecoolingdata
(appendixB),areconvenientlydescribedinfigure4 by a plot-on

Th - Ta

/
~0,62 ad ‘?J- ‘a ~ 0.57log-logcoordinatesof ~ c

/~ -Tb c against
6htheappropriateGAP values.Theresultingco%elationequatlcnsmay

be expressedfromfigure4 as

~ 0.62
‘h - ‘a— = 0.44 c o SO,cylinderheads
‘8 - ~’ tiAP).

and

Tb - Ta wcl).57

Tg.-Tb = 0968~OAp)0.39JCyltnderbarrels (3)

.

.
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Variationof Tg 80 withefiaustpre~sure,- Theresultsof the.——
affectof efiaustpressureon enginecooling- presentedinfig-
ure5 wherethemeaneffectivegastemperature‘g,80 “fortheheads “
andbarrelsisplottedforeachdatumpointagatnstthecorresponding
exhaust-prs6sure value.A curveisdrawnt~oughtheplcttedpoints
foreachofthefourfuel-airratiosused. Thecurvesaredashedfor
etiaustpressuresaboveapprox+hately50 inchesofmercuryabsolute
to indicateextrapolationasbasedonthetr~ds of thecurvesand
onthelimiteddatafontheinlet-manifoldpressuresof40 and
45 inchesofmercuryabsolute,(Tre~dexistswithinlet-mhntiold
pressure,as subsequentlydiscussed.)

Ekceptfortheexhaustpressuresof 7 to 10 inchesofmercury
absoluteandaboveapproximately~ inchesofmercuryabsolute,the
averagedeviationof thedataPromtheappropr-iatecurveisabout
+20°F fortheheadsand*l+ F foi”theb~rols. fieSe-6Catt”6rS*e
roughlyequivalentto*6°F and&5°F deviationsinaveragerear-
sperk-plug-’bossaridrear-ttiddle-barreltemperatures,respectively.“

Close exsminattonofthedatapointsinf@ure 5 revealsthat
thescatterofdatadoesuotoccurat randcmbutthata t-rendexists
withinlet-manifoldpressure,p~ticulerlyintherangeof,exhaust
~ressuresabove50 inches’ofmercuryabsoluto.Thopresenceof this
trendindicatesthattheeffectcfinlet-manifoldpressureisnot
completelyaccountedfarby equation(l).

Inaddition,at theloweihaustpressuresof about7 to 10inches
ofmercuryabsolutea trendwithenginespeedappears.Inorderto
bringoutthistuendInthedata,a crossplotof the Tg,80 values
forthecylinderheadsobtainedat an exhaustpressureof a~roximately
8 inchesofmercuryabsoluteandat a f’uel-atr ratioof C.085ispre-
sentedinfigure6. Thecrossplotshowsan appreciableincreaaein
Tg,80 withenginespeed~d inaddition,a slightincreasewithmani-
foldpressureat thisexhaustpressure,

A possibleexplanationforthisspeedeffectobtainedat very
lowexhaustpressuresmaybe thatsufficientflowoffreshcherge
airthroughthecylinderandcutof theexhaustporttakesplaceat
thelowexhaustpressuresto effectenginecoolingandthatthe
percentageofblow-throughdependson theenginespeed.An indica--
tionof theblow-throughanditadependenceon engineapeedisalumn
inf’lgure7 wheretheratioofthe Specific indicatedairconsumption
obtainedat a giveninlet-manifoldpressurepm forvariousexhaust
yresaurespe to thatobtainedat pe/pm= 1 (forwhichnoblow-
throughwouldbe expected)ispl@tedagainstexiaustpressurefor,-.

-.
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variousenginespeedsandforconstantvaluesoffuel-alrratio
manifoldpreesure.Thecurvesshowtlnat-wbsntheexhuetpres-

ieureisreducedfrom16to8 Inchesofmercury absolutea sharp
increaseinepecifi.cindicateda!r consum~tion occurs, themagnitude
ofwhichincreasesw~threductioninenginespeed,.Thisblow-through
maybe theresultoftheintake-valvemotionchwacterlstlcsattho
highdifferentialsbetweeninlet-manifoldandexhaluetpressures,
inasmuchasan investigationona latermodelenginewiththsss3tA9
valveoverlaphutstrongerintake-valvespringsdidnotresultIn
blow-through.Theseresults showthatthespeedeffeotoncooling
obtainedatverylowexhaustyressune is associatedandconsistent
withthechangei,n percentageblow-throughobtainedwithchangeIn
engtnespeed.Itmaybe expectedthatthi8spee&effectwouldho
considerablyreducedforengineswithheavierintake-valvesprings
andattendantlesser.blow-through.

AaIa resultof the aforementionedinlet-manifoldpreeaureand
speedtrends,theaccuracyofpredictionafheadtemperaturefran
thecorrelationisonlyaboutl= to 20°T fortheexhaustpressures
of 7 to 10 inchesofmercury abeoluteandabove50 inchesofmercury
absalute.Forexhaustpressuresaboveapproximately10andbelow
approximatelyX)inchesofmercuryabsolute,however,predictions
ofthevariationofheadtemperaturewithexbgmstpressurecanhe
madewithinabout6°F, ThusthesimplificationofhandlingTg ae
a functionof exhaustpressureratherthanoftheratioafexhaust
to inlet-manif’old.pressureseemstobe satisf’aotorywithinexhaust-
pressurelimitsthat-adequatelycoverthepracticallimitsofcurrent
engineoperation. ..

Final T so relations,- A crossplotof thecurvesoffic- -.
uro5 shGwsthevariationofmeaneffecti%@s temperatureTg,FO
w~thfuel-airratioatvariousexhaustpressuras(fig,8), EGcatise
of therelativelypoor ‘g,80 correlaticmcbtainedat exkaustpres-
sureabove50 inchesofmercuryabsolute,‘R,80 curvesarenotpre-
sentedabovethieexhaust-pressurevalue,fithough,asa resultof
thepreviouslydi.ecussedspeedeffect,the Tgjgo variat~.oncamot
be accuralielyrepresentedfm exhauetprmqmrcaeofap~roximatel.y
10 inchesofmercuryabsolute,the Tg,80 curvesarealsogiven&
theexhaustpreesureof 10 inchesofmercuryabsoluteforuse in
makingapproxlmatosolutions.F!guro8 showsthattheeffect-of
exhauetpressureonmeaneffectivegastem@ratureisgreaterat the
leanthanat therichmixtms.

Importanceof exhcmst-pressuroeffect.- In orderto illustrate
thenecessityofaccountingfortb effectof axhaustpremwrein
engine-coolingcorrelations,allthecoolf.~dataobtainedinthe

.
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variableexhaust-pressuretestseriesatan abSOlutemanifo~d.presmre
of 34 inchesofmercuryarecorrelatedfirstby neglectingtheexhaust-
pressureeffectandthenby correctingfortheexhaust-pressuravaria-
tionsthroughtheused the Tg,80 curvesoffigure8. !Thecorrela-
tionresultsploitedinfigure9 showa relativelylargespreadof
datawhentheexhaust-pressureeffectisnotincludedandindicatean
exhaust-pressuretrendlargeenoughtorequireconsideration.““

Figures10to 12arepresen~edfortypicalsetsofengine
operatingandcooling-airconditionsinorder--toillustratetheeffect
of efiaustpressureonfinginecooling.Figure10 showsthat,fotithe
assumedsetofconditions,whentheexhaustpressureischangedfrcm
30 inchesofmercuryabsoluteandtheinlet-manifoldpressureis
adjustedto maintain constantohar~-airflow(approximatelyconstant
powerequaltonormalratetlpawer)thefollowingthan@ inheadsnd
barreltemperaturesareobtaineii:

Ka&t Changeinhe”~tenjerature }Changeinbarreltemperature
pressurefromthevalueat exhaust fromthevalueat etiaust
(in.Hg pressureof30 in.Hg absolutepreemreof30 in.Hg absolute
absolute)i (%’) (%)

1 Fuel-airratio
1 0.069 I 0.085[ c).100 0.069[ 0.08!3I o;100

10 -22 -13 -7 -9 -5 -1
2CJ -14 -8 -5 -5 -3 -1
30 ~ o 0 0 0 0 0
40 19 1.2 9 5 4 1
50 43 26 18 14 10 5

Whentheinlet-manifoldpressureisheldconstantduringthe
changeinexhaustpr”essure,tnwhichcasea significantvari@ionin
engine-poweroutputwithexhaustpressureisalsoobtained,however,
theheadandbarreltemperaturesvaxyInthemannershuwninfQure 11
andas shownin thefollowingtable: .-

Exhaust
pressure
(in.Hg
absolute)

10
20
30
40
50

Changeinheadtemperature Changeinbarreltemperature
fromthevalueat ~aust fromthevalueat exhaust
pressureof30 in.Hg absoluteprassureof30 in,Hg absolute

(%) (%)
Fuel-airratio

0.069 10.0851 0.100 I 0.069 \ 0.085 0.100
-12 -3 1 -3 1 5
-7 -2 0 -1 1 3
“o o 0 0 0 0
9 4 a o -1 -3
17 4 -~ 1 -3 -7
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Thehead-andbarrel-temperaturevariationsindicatedinfi8-

ure10forconstantcharge-airflowarethoresultsolelyofthe
variationinmeaneffectivegastemperaturewithexhauat-preseure;
whereasinfigure11,whichisTresentedforconstantinlet-manifold
“:wesaure,anadditionaleffeotisintroducedduetothevariatimin
charge-airflowwithexhanstpref3f3ure.Figures10and11 showthat’
foroperation at constantinlet-manifoldpressuretheeffecton
enginecoolingof.thevariationinmeaneffectivegastemperature
withetiauetpressureiscounteractedtoa largebxtentby theeffect
f theaccompanyingchangeincharge-airflowwithexhaust pressure.
Thevariationof charge-air flow (andWake horsepuwor)withe@~ust
pressurefortheasmmedsetof engineconditionsisindicatedIn
figure11. Fromthisfigureitcanbe seenthatforoperationat
constantinlet-manifoldpressurea changein.efiaustprew~e frm
30to either10or50 inuhesofmercuryabeolutm’doesnotgivemore
thanabout5°F changeinheadandtarreltemperaturesat-fuel-air
ratiosof 0.085anti0,100fortheheadsandatfuel-airratiosof
0,069,0.085,and0.100forthebarrels,At a fuel-airratioof
0.069,theequi’v~lentchangeinheadtemperaturei~indicates
about15°F. Althoughfl.gure10iepresentedforanassumedsekof
engineandcooling-airc.onditicms,theimmegeneralre~ltmaro
~ndicatedforothernormalengineconditionsby thetest-dataand
by thecorrelationresults.

Thevariationwithetiaustpressureofthecooling-afrpressure
droprequiredtomaintaina constantevaraggheadtemperatuwof
400~1?anda constantaveragebarrel%mporatureof3C0°F isshown
infi~re 12forthecaseinwhichthecharge-airflowandother
engineandcoalingconditionsweremalnta~nedconstantthroughout-
theexhaust-pressurerange.!(!beresultsoffigure12areEnuazarlztid
inthefollowingtable:

Exhaust Changeincooling-airChangein coollng-air
pressurepressuredropfromthatpremmredr~pfromthat
(in.Hg requiredat an exhaustrequiredatan exhaIIEIt
absolute)pressureof30 in.Hg pre~sureof 30 in.Hg

absolutetomaintain absolutetomalntaln
constantheadtemper- conetantbarreit-emper-
atureof400°F atum of300°F

(in.water) ( in.water)
Fuel-airratio

0.059 0,085 0.100 0:069 0.085[0.100
1(-) -1.9 -1.0 -0.4 -0.4 -0.1 0
20 -1.2 -06 -,3 -.2 “-.1 J
30 0 0 0 0 0 0
40 2.0 I,fl .4 .3 .2 .1
50 4.9 2,3 1.0 .8 .5 .2

.—

*“

. . .?
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SUMMARYOFRESULTS

Theresultsofa codinginvestigationconductedonan
18-cylinder,radial,air-cooledengineinstalledona dynemomoter
teststandshowthat:

1.Theeffectof exhaustpressureon enginecoolingwasimportant
enwgh torequireconsiderationinengine-coolingcorrelationsand
predictions.

2.Fortherangeof inlet-manifoldpressuresusedintheinves-
tigationandforetiaustpressuresbetweenapproximately10and
50 inchesO?mercuryabsolute,theefiaust-pressureeffectonengine
coolingcouldbe satisfactorilyrepresented(pemnittedpredictions
ofheadtemperaturewithtnabout60F) intheNACAcooling-correlation
methodasthevariationofmeaneffectivegastemperaturewithexhaust
pressure.

3.Abovean eXhaustpressureof 50 inchesofmercuryabsolute,
em effectassociatedwithinlet-manifoldpressurebecame important
andcauseddtscrepanctesintherelationbetweenmeaneffectivegas

temperatureandexhaustpressure.Forexhaustpressuresbelowapprox-
imately10 inchesofmercuryabsolutean effectassociatedwithengine
speedwasobtainedforthisengine(havingblow-throughofchargealr
throughcylinder)causing excessive scatterofdata. As a resultof
theinlet-manifoldandspeedeffects,predictionsoftheeffectof
efiaust pressureonheadtemperaturewereonlyaccuratewithinabout
l+ to 20°F forexhaustpressuresbelowapproximately10andabove
approximately50 inchesofmercuryabsolute.

4. Calculationsbasedonthetestresultsindicatedthatfor
operationat constantpower,equalto theenginenomnalratedpower,
at afuel-airratioof 0.085,theheadtemperatureincreased3Y F
%%entheefiaust pressurewasIncreasedfrcxn10to 50 inchesof
mercuryabsolute.Foroperationat constantinlet+manifoldpressure,
however,theeffectofmeaneffectivegastemperaturewasfortho
mostpax”tcounteractedby theeffectof reducedpowerobtainedwith
increasedetiaustpressure;forexample,fora constantinlet-manifold
pressureof30 inchesofmercuryabsoluteat a fuel-airratioof0.085
thehea3-temperatureincreasewasonly7°F foran increaseinexhaust
pressurefram10to 50 inchesofmercuryabsolute.
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5,Theeffectof exhaust pressureonenginecoolingWaEIgreater
attheloanthantherichmixtures.

AircraftEhgineResearchLaboratory,
National.AdvisoryCommitteeforAeronautics,

ClevelandjOhio,December2, 1946.
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APPENDIXA

SYMmGs

Thefollowingsymbolsandabbreviations=e uselfnthe. apper.di.xea:

15
.

A

hllp

CP

E!

ihp

J

K,m,n

k

N

Pe

Pm

Ap

Ta

- Tb

Tc

Tg

‘g,80

AT~

constantequalto engfne mechanicalfrictionhorsepower
dividedby squareof enginespeed.

enginebrakehcmsep~er .,

specificheatof airet const~tpreseuzze,0.24Btu/lb,~F

accelerationof @+evi%yat standardconditi0ns,32.2ft/t3ec2
-. .

engineindicatedLorsepawer

mechanicalequivalentofheat,778ft-lb/Btu

constantsderivedfranpropercoolingdata

ratioof euyem.hargerpressurecoefficientto adiabatic
eff:Cienc~,assumedequalto 1

enginespeed,-

~aust pressure,in.Hg absolute

inlet-mantioldpressure,in.Eg absolute

cooling-airp~esauredropacrossengine,In.water

cooling-airtmmperatweaheadd engine,‘F

cylinder-barreltemperature,‘F .

charse-airtemperatureat carburetorinlet,%

-mwaneffectivegastemperature,%

meaneffectivegast~peraturecorrectedta 80°F dryinlet-
manifoliitemperature,OF

changeinmeaneffectivegastemperat-mej%
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‘h

Tm

u

Vd

Wc

w-f

‘%
0

cylinder-headtemperature,%.

dryinlet-manifoldtemperature,%

tip%peedof-engine-dagesupercharger,f%/aec

engine-displacementvolume,cuft
.

enginecharge-airflow,2.b/sec

totalenginefuelconsumption,lb/see

efficiencyof superchexgergoare

densityofcoolfngairakeadof enginerelativeto standard ‘
sea-leveldensityof0.0765lb/cuft

.

. . ..

1

●

●

.

.
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APEENDIXB

CORRELATIONOFCOOLINGDATAAT SEA-LEVELEXHAUSTPRISSURX

TR rela.tions.- Themethodusedto evaluateTg, ti~ichhas
beensuccessfullyappliedt~thecorrelationofnumerouscoolfm”-~ata
obtainedfora largenumberd air-cooledengines,isoutlinedas
follows:

1.On th6basisof previouscorrelationwork,a reference
Tg,80 valueof 11500 F forthehead=and60@ F forthebarrelswas
chosenfora fuel-airratisof O.080,a dry-inlet+nanifoldtemperatuzze
of80°F, an exhaustpressure@ 30 inchesofmercuryabsolute,and
thenormalsparkadvence.

2.ThevariatiOnof Tg,8,3withfuel-airraticispresentedin
fi~e 13as determinedfromthecoolingdataobtainedina seriesof
runsinwhichcmlythefuel-airratiowasvaried.Inthisdetemnina-

Th - Ta
tion,theconstant ~d%-Ta

~ valuesfol*tileeeries
‘8 - Th

#
- Tb

(constantbecauseofconstancyaf and ahp) werecalculated
fromthevaluesof ~, ~, end T: obtainedintherunat a fuel-
airratioof 0’.080andthecorresponding Tg values(1150°F forthe
headsand600°F forthebarrelsplustheappropriatecorrection
ar:singfrmnthedifferencebetweentheexpertientalandstandard
Tm values). SOlutlxnl
fuel-air-ratiorunsin
‘h - ‘a Tb - Ta
-— ard
‘8-K ‘8 - Tb
run.

3. Thecorrection

Por Tg andhence~oi Tg,80 fortheother
theserieswasthenmadefrcmtheconstant

VLQII@S andthecooling

‘o ‘g,80 appliedfor

measur~entsineach
.—

Tm valuesotherthan
thestandanlvalue of 80°E’iSforthecylinderhead.s

ATg= 0.8(Tm- 80) (4)

andfarthecylinderbarrels

AT8= 0.5(Tm- 80) (5)

Thedryinlet-man’$oldtemperature~ iscalculatedfromthecar-
buretorinlet-airtemperateandthstheoreticalblowertemperature
riseasstun@no fuelVaparlgation.

-.
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~2
‘lm=Tc+— gJcp

NACATNNc). I-221

(6)

.

,.

Thisequationmaybe convenientlyexpressedfortheengineusedin
thisinvest3.gationasfollows:

Forlow-blowerratio

()
~= Tc~22.1 62 (7)

andforhigh-blowerratio

Tm = T!ci-34.2‘N\2(.Wm) (8)

Expononton Q - Thedetezzwhationoftheexponentn on
Th - Ta

oharge-airflow Wc isehowminfigure14whoreplotsof -—-—
Tb - Ta “% -‘h

and ~! against‘c weremadefromthedataobtafnedina
d

St3riCXI 9f rum inwhichthefuel-airrat~o-s heldconstantat
0.080andonQ thecharge-airflowwasvai?ied.Tho Tg values
usedIn thecalculationscorrespondtoa fuel-airratioofO,OGO
andthevaluesof Tm. The exponentn on Wc isgivenby tl-e
slopecfthelinedeterminedby theplottedpointsinfigure14as
0.62forthecylinderheads&nd0+57forthebarrels.

Generalizedcorrelathnresults. - The cooling-correlaticm
resultswe presentedinfinal,fum~n fiLwre4 as plotsof

~-Ta

/
% - ‘a/Ifc0.62~d ~ Wc0”57
~ - Th/ againstcoolt~~airproemrs

diop OAp. Thecoolingdataobtainedfromallthesea-levelexhaust-
pressurerunsareincludedIntheseplots.Thecooling-correlation
equationrepresentingthecorrelationlinethrmqjhtheplottudvalues
infigure4 isexpressedasfollows:

Forthecylinderheads

Tll- Ta ~ 0.62

Tz= 0“44(o:p)o”?~

andforthecylinderbarrels
0.57

Th - Ta Wc
T - Tb = 0.68 ——

% (OAP)0”3g

(2)

(3}

x
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=TIMATIOif~’CHARGE-AIRFLOW

Charge-airflowisthefundenentalveriableinenginecooling,
wkereasengineperformanceisusuallyspecifimiintermsM brake
horsepower,speed,fuel-airratio,endinlet-manifoldandefi~~st
pressures.It isthereforeessentialNrior to-~heapplicationofthe
cooling-correlationrseult”s.to estimatetheoharge-airflowfrom
theknownengine-porfomancevariables.Thisestimatecanbe
obtainedfromtherelationbetweenthechargeairpumpedandthe
indicatedharaepGwerdevel.opcdby an engine.Theassumption
fnvolvedinthisrehtion,With hasbeensatisfactmilyverified
florcurrentenginesSACiopeaatingvanges,isthatthecharge-air
flowperindicatedenginehorsepowerisprimarilya functionof
fuel-airratio.

As presentedinreference4, theindicatedhorsepowerdeveloped
~?yan en8ineisrelatedb the~0~ eng-ineoperatingconditionsby
thegeneralexpression .-

.-

whsre

AN’ mechanicalfricti=horsepower

2 (Wc+Wf)@f)v 550gq
supercharginghorsepower

g

‘& (P*-F&& pumpinghorsepower(intakeandexhauststrokes)

TheconstantA inthefriction-horsepowertermwasdetermined
as 32.1frcman empiricalrelationbasedon datafroma largenumber
of similarengines.As inreference5,thefaotorsk and q in -

~thesuperoharghg-horsepowertermareequalto 1 and0.85,resectively.
Thevalueof T.J/Nisobtainedfromthesupercharger-impellerdiameter
andgearratio.

The&eneralexpressionforindica.tmihorsepowercanthusbe
reducedfortheengineusedinthesubjectteststo thefollowing
equations:
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Imw-blowerratio
.“.-

2

()
ihp=bhp+~2.1+8.84(Wc+wf)]~ -1.74(~-pe) +&j (10)

Hi~h-blowerratio
2

()
ihp=bhp+[32.1+13.L37(Wc+Wf)l~ -1.74(~-pe) & (11)

ThegoodcorrelatIonof engtne-perfcmnancedataresulthg from
theuseofthecharge-airflowindicated-horsepowerrelationis
illustratedinflguro15fortypical.testconditionscoveringthe
engineoperatingrangeoftheinvestigation.Thevalidityand
accuracyti.tl%ierelationismo!reconclusivgl.yconfirmedin.refer-
ence3 froma considerationofallthe-pmformmcedataobtained,

Inasmuchas,fortheusualengine application,thebrakehorse-
powerisnotheldconstantwhentheexhaustpressureischangedbut
ispermittedto varyin themannerobtai.ne~bymaintainingconstant
inlet-manifoldpressure,therelationdescribingthevariationof
brakehorsepowerwithetiaustpressureforconstantinlet-nwcnifold
pressureandotherconstantengineoperatin~conditionsisalso
requiredforusewithequatione(10)and(11)andfigurel~to
detemninothevariationincharge-airflowwith exhaustproesure,
Thisrelationwaedeterminedinreference3 fromallthepm?foAnance
dataobtainedInthetestsandlfcs~convenienceof applicationto
thecooling-correlationresults,ispresentedinfigure16. The
ratioaftheenginebrakehorsepowerdevelopedat a givenvalueM
Pe/Pm tothatdevelopedat pe/~ = 3.forconstantfuel-airratio,
inlet-manifoldpressureandtemperatm.’e,enginespeed,andengine-
stagesuperchargergearratioispresentedforthetestrangeof
enginespeeds(fig.16). Thesecurveswerefoundtobe applicable
forthetestrangeoffuel-airratios,inlet-rnanifoldpreseww, md
forbothhigh-andlow-superchargergearratio.

If theohangeinexhaustpressureiscausedby a chqe inalti-
tude,then,inadditiontothe T correctiongivenbyfiguro8,a
correctionmustbemadr3forthecf$angeincharge-airtemperature.at
theinletmanifold.

.

.
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TA33LEI - OPERATINGCONDITIONS
[Carburetor-atrtemperature,90°+15°F]

Normalengine speed Naminal
(rpn) fuel-air

~ratio
Sea-levelexhaust-preeenretestgroup(ba

‘%%=

Varied

Nominal inlet-
manifoldpressure
(in.E@ absolute)
ic correlation)

34
Yaried
30

Variableexhaust-pressuretestgroup I

1200,1400,
14C0,1600,
2000,2200,
1400,’1600,
1400,1600,
2000,2200
L4Q0,1600,
1600,1800,
1800,2000,
1800,2000,
1800,2000,
1800,2000

1600,ldOO,‘20C0
1800,2000,2200,
2400
1800,2000
1800,2000,2200,

1?3QO>2000
2000,2200,2400
2200,2400
2200
2200j2400

2400

2400

0.069
.085
●100
.069
*085
*10C
.069
.085
.10U
●095
.100
,120

I
30 ~
30
30 I54 I
34

f

54 I
40
40 i

I-L
approximately
mercur~above

%he exl:austpressureforthisgroupwasvariedinstepsfrcm
7 inchesofmercuryabsoluteto’20inches of
inlet-nanifoldpressure.

NationalAdvi~ory Cozmnittee
forAeronautics

.
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Figure 1. - General view of installation of 18-cylinder, radial, al ?-cooled engine.
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Fig. 3 NACA TN NO. 122i

I

0!”
a
-1

,

Iron- constantan
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—
Figure 3. - Standard NACA deep-embedded rear-spark-plug-boss

thermocouple installation.
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FLEure 4. - cool-g oorrelatlon for an lhyllnder~ radlal~ al=ooled evglne. Zxhsust
pressure,approxlmitalySO lnchasmeroury abaolute; fuel-sir ratio, 0.069 to 0.120;
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Figure 5. - Effect of exhaust pressure on the mean
effective gas temperatureat various fuel-air ratios
for an 18-cylinder,radial, air-cooledengine.
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Figure7. - Ratio of speeifiolndioated●ir cousumptienobteinedat varloue~uet ~essures to th s~oifio indloated
sir cmsmptlon obtainedat pS/W = 1 frcm testsof an 12-oyllndsr,redinl,air-cooledengine. Ml-air ratio,
0.086;mntfold preaaure,34 Inoknsmercuryabsolute.
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(a) Correlationbased a-I Tg,80 curvefor exhaustpressure
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Figure 9. - Coolin~orrelatlon curve for an 18-oyllnder,radial,alr-
cooledengine. Cylinder-headcoolingdata obtainedat a manifold
pressureof 34 inchesnercuryabsolute and at variable exhaust pres-
sures
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Figure 15.
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